T he Northern Great Plains of North America, of which western Canada is a component, are one of the world's major producers and exporters of malting barley. Opportunities exist to increase the sale of malting barley but the industry is oft en challenged by the availability of barley that meets the quality requirements of the marketplace. Annually, <25% of the malting barley grown in western Canada is accepted for malting grade with the remainder being sold as feed for livestock. Th is results in lower revenues for barley growers since there is usually a much higher premium for malting compared to feed barley. Th e quality requirements for malting barley are strict and include disease-free kernels free from weathering, relatively low protein (<125 g kg −1 ) and relatively large plump kernels (>800 g kg −1 ) of uniform size (BMBRI, 2010) . Th e diffi culties associated with growing malting barley of acceptable quality are not unique to Canada. In France, growers also have had diffi culty achieving the quality requirements for malting barley (Bail and Meynard, 2003) .
Malting barley cultivars traditionally grown in western Canada have been mainly two-row (Canadian Wheat Board, 2009 ). For many years, 'Harrington' (Harvey and Rossnagel, 1984) was the dominant cultivar. However, since its production peaked in the early 1990s, Harrington has been gradually replaced by newer two-row malting cultivars with improved agronomic characteristics and better disease resistance. Th ese cultivars are comparable to or exceed Harrington in terms of their malting and brewing performance (Li and Egi, 2004) . Two malting barley cultivars, AC Metcalfe developed by Agriculture and Agri-Food Canada (Legge et al., 2003) and CDC Copeland developed by the University of Saskatchewan (Anonymous, 2010) dominate malting barley production and account for approximately 60 and 25% of seeded hectares in western Canada, respectively (Canadian Wheat Board, 2009 ). AC Metcalfe is characterized as a cultivar with moderate protein and high enzyme levels while CDC Copeland is characterized as having moderate protein and moderate enzyme levels (BMBRI, 2010) .
Th ere is little published information from western Canada on the eff ects of agronomic practices such as seeding and N rates on yield and quality of malting barley and the relative response of diff erent cultivars to these factors especially over the range of variable edaphic and climatic conditions that prevail across the region. In a study conducted in southern Manitoba, Th errien et al. (1994) showed that malting quality was aff ected more by genetic and environmental factors than fertilizer management. In a more recent study, McKenzie et al. (2005) found that the most benefi cial agronomic practices for malting barley production in southern Alberta were early seeding and application of N fertilizer at rates appropriate to the expected availability of moisture and soil N. In addition, diff erence in yield response to N fertilizer among four two-row and three six-row cultivars was negligible. Th e infl uence of agronomic practices was highlighted in a study conducted in the United Kingdom where it was found that the way barley was treated in the fi eld (e.g., seeding rate, N rate, cultivar and other management practices) was the main factor infl uencing malting barley quality; diff erent treatments in the commercial malting plant had much less infl uence on quality (Wade and Froment, 2003) . Th is study also indicated that grain size distribution was very important with more uniform seed resulting in a more homogeneous malt.
Malting removes internal cell wall barriers, stimulates the production of enzymes (for converting starch into extract in the brewery), and promotes fl avor and color development (modifi cation). Th is process is facilitated by uniform seed which results in more uniform germination, plump kernels for maximum malt extract and relatively low protein to increase extract levels and enhance beer stability (Mather et al., 1997) . Th us agronomic practices that infl uence seed uniformity, plumpness, and protein levels will have an important impact on malting and brewing processes.
Th e objective of this study was to determine the eff ects of seeding rate, and N rate on two predominant malting barley cultivars. We evaluated how these factors aff ected productivity and quality traits of malting barley at eight locations over 4 yr in western Canada.
MATERIALS AND METHODS

Field Operations
A fi eld experiment was conducted under no-tillage management at eight rain-fed locations on the northern Great Plains of western Canada. Th e locations were Fort Vermilion (58°24' N, 116°0' W), Beaverlodge (55°11' N, 119°26' W), Lacombe (Table 1) . Th erefore each year × location was considered as an environment rather than as a separate main eff ect. Soil classifi cation, descriptions, soil nitrate N rates, and seeding dates at each location are presented in Table 1 .
Precipitation during the growing season (April-September) varied considerably during the course of the study. Precipitation at each environment was as follows : Fort Vermilion, 211, 301, 272 mm in 2005 , 2006 , and 2007 Beaverlodge, 318, 214, 298 mm in 2005 Beaverlodge, 318, 214, 298 mm in , 2006 Beaverlodge, 318, 214, 298 mm in , and 2007 Lacombe, 378, 412, 529 mm in 2005 Lacombe, 378, 412, 529 mm in , 2006 Lacombe, 378, 412, 529 mm in , and 2007 ; Lethbridge, 537, 206, 236 mm in 2005 Lethbridge, 537, 206, 236 mm in , 2006 Lethbridge, 537, 206, 236 mm in , and 2007 Scott, 406, 293, 285 mm in 2005 Scott, 406, 293, 285 mm in , 2007 Scott, 406, 293, 285 mm in , and 2008 Indian Head, 325, 271, 288 mm in 2005 , 2006 , and 2007 Brandon, 442, 338, 291, mm in 2005 Brandon, 442, 338, 291, mm in , 2006 Brandon, 442, 338, 291, mm in , and 2007 . Growing season precipitation was not determined for Canora.
Seed drills with knife openers were used at all locations. Th e seed drills provided approximately 10% seed bed utilization with a 20 to 23 cm row spacing and seed placement at 2.5-cm depth. Th e experiments were located on diff erent areas each year that previously had been sown to canola (Brassica napus L.) at all locations except Lethbridge where oat (Avena sativa L.) was the preceding crop. 12 May † Nitrate-N was determined at 0-to 30-cm soil depth before fertilizer application except at Brandon where it was determined at 0-to 60-cm soil depth. Soil nitrate N was not determined at Canora.
A factorial combination of two-row barley cultivar (AC Metcalfe and CDC Copeland), seeding rate (200 and 400 seeds m −2 ) and N rate (0, 30, 60, 90 , and 120 kg ha −1 actual N) was randomized in a complete block with four replicates. Plot size was 3.65 by 15.24 m. Th e N applied as urea (46-0-0) at seeding time, was side-banded 7.5 cm from the seed. Mono-ammonium phosphate fertilizer (12-61-0) was placed with the seed at 13.1 kg P ha −1 . Before seeding, the experimental area was treated with glyphosate [N-(phosphonomethyl)glycine] at 890 g ae ha −1 , applied at 275 kPa in 56 L water ha −1 . In-crop herbicides were used each year for weed control and depended on the weed spectrum present at each environment.
Barley stand density was determined 3 wk aft er emergence by counting plants in two 1-m row lengths in each plot. Barley grain was deemed to be mature at Zadoks stage 92 (Zadoks et al., 1974) . Lodging was visually determined on a 1 to 5 scale just before harvest with 5 considered maximum lodging. Barley grain yield was harvested from the central seven rows of each 16-row plot with a small-plot combine. To further avoid edge eff ects, approximately 60 cm at the front and back of each plot was trimmed before harvest. Samples were dried to constant moisture, cleaned, and the grain weight recorded. Th e proportion of plump kernels was determined by estimating the amount of seed retained on a sieve with 2.38 by 19.05 mm slots (Canadian Grains Commission, 2010) . Protein concentration was determined with a near infrared refl ectance spectrometer (Foss Model 6500, Eden Prairie, MN). A single kernel characterization system (SKCS 1400, Perten Instruments, Springfi eld IL) was used to measure kernel weight and diameter (Osborne and Anderssen, 2003) . Th e system calculated weight and diameter of 300 barley kernels together with their respective standard deviations which were used as indicators of kernel uniformity.
DATA ANALYSIS
Data were analyzed using PROC MIXED of SAS (SAS Institute, 2008) . Barley cultivar, seeding rate and N rate were considered as fi xed eff ects. Location × year combinations (24 environments) and replicates within environments and the environment interaction with the applied treatments (fi xed eff ects) were considered as random eff ects. Th e proportion of variance associated with the environment by treatment interaction was calculated for each variable as follows: [(variance estimate for environment × cultivar × seeding rate × N rate)/(variance estimate for environment + environment × cultivar × seeding rate × N rate)] × 100; see Littell et al. (2006, p. 94-104) for more detailed information regarding the assignment of random eff ects in a mixed model. Yang (2010) suggests that in breeding and agronomic studies it may be more appropriate to consider year and location eff ects and their interactions with fi xed eff ects as random because the goal of most crop improvement programs is to infer future performance at many untested locations. Stroup and Mulitze (1991) suggested that a factor should have more than 10 levels before it is considered random. Th us, the large number of environments (24) investigated in this study facilitated the use of this approach.
For barley cultivar and seeding rate, means were compared using Fisher's Protected LSD test. Contrast statements were used to test for linear and quadratic responses to N rate, and regression equations describing the relationship between the dependent variables and N rate were fi tted based on the nature of the response. All diff erences were deemed signifi cant at α < 0.05.
RESULTS AND DISCUSSION
As expected, the analysis of variance indicated that environment was a large source of variation for most of the variables measured (data not shown). However, of greater importance for this study was the amount of variance associated with the treatment (agronomic factors) × environment interaction. Th is variance was relatively low (<11%) for most of the variables including days to maturity, seed yield, plump seed, protein and kernel weight and diameter (Table 2) . Th us for these important malting barley variables, the eff ects of the treatments were generally very consistent among the 24 environments. For barley stand density, tiller numbers and lodging, variances associated with the interaction tended to be higher (18-37%) but were still relatively low compared to the overall variances associated with the eff ects of environment.
Effect of Cultivar
Cultivar had little or no eff ects on barley stand density, tillers plant −1 , or lodging (Tables 2 and 3 ). However, CDC Copeland had higher grain yield and lower protein than AC Metcalfe (Table 3) . Th is inverse relationship between yield and protein has been reported previously for several cereals including barley (Simmonds, 1995) . Kernel weight was also higher for CDC Copeland while kernel plumpness and diameter were slightly but signifi cantly higher for AC Metcalfe (Tables 2 and 3) . Th e SKCS results indicated that standard deviations for both weight and diameter were lower for CDC Copeland suggesting greater seed uniformity compared with AC Metcalfe (Table 3) . Overall, the results suggest that CDC Copeland displayed some advantages over the more widely grown AC Metcalfe including higher grain yield, lower protein, and more uniform kernels.
Effect of Seeding Rate
Seeding rate had no eff ect on grain yield (Tables 2 and 4) . Many other agronomic studies in Canada have also reported little or no eff ects of barley seeding rate on yield especially at rates above 200 seeds m −2 (Jedel and Helm, 1995; Lafond, 1994 : McKenzie et al., 2005 O'Donovan et al., 2009; Spaner et al., 2001) . As expected, barley stand density increased while tillers plant −1 decreased at the higher seeding rate (Table 4) ; but stand density as a function of seeding rate was higher at the lower (68%) compared to the higher (58%) rate. Th is eff ect of seeding rate has been documented previously in barley (Jedel and Helm, 1995) and wheat (Triticum aestivum L.) (Stougaard and Xue, 2004) and is likely due to increased intrarow competition at the higher seeding rates with a subsequent increase in seedling mortality.
Kernel weight and diameter and seed plumpness were lower at the higher seeding rate, while protein was also lower and seed maturity occurred sooner (Tables 2 and 4) . Th e relative importance of lower protein compared to reduced plumpness is diffi cult to determine. Maltsters take both criteria into account when assessing malting barley quality. McKenzie et al. (2005) also found that higher seeding rates reduced protein levels but suggested that relatively small reductions in protein (4 g kg −1 ) due to increased seeding rate were likely to have less impact than changes in plumpness and kernel size. However, other positive eff ects of relatively high seeding rates cannot be ignored. For example, in regions with shorter growing season length earlier maturity can mitigate the risk associated with relatively early fall frosts that can reduce grain-fi lling and result in a high percentage of thin kernels (BMBRI, 2010) . In addition, lower standard deviations for kernel weight and diameter were associated with the higher seeding rate suggesting greater kernel uniformity (Tables 2 and 4) . Th e results of studies conducted by Wade and Froment (2003) also found that while relatively low seeding rates produced larger kernels, the practice had an adverse eff ect on grain size distribution as indicated by higher standard deviations for kernel weight. Th is was likely due to greater tillering at the lower seeding rates. Th us a relatively high seeding rate will improve malting barley quality in spite of reductions in kernel size and plumpness.
Effect of Nitrogen Rate
Nitrogen rate aff ected all variables (Table 2) . Th ere were signifi cant interactions of N rate with cultivar on protein and kernel Table 2 . P values from the analysis of variance for the effects (fi xed) of barley cultivar, seeding rate, and N rate on malting barley agronomic variables. Environments (location and year), replicates within environments and their interactions with fi xed effects were considered random effects. weight, and with seeding rate on tillers plant −1 and lodging. As expected, barley grain yield and tillers plant −1 increased with increasing N rate (Fig. 1A, 1B) . Th e increase in tiller production was greater at 200 compared to 400 seeds m −2 . Kernel weight and diameter also increased ( Fig. 2A, 2C ) but the increase in kernel weight was more pronounced with CDC Copeland (Fig. 2A) . Otherwise, in terms of malting barley quality, the eff ects of increasing the N rate were largely negative for both cultivars.
Th ere was an overall decrease in barley plant density and an increase in lodging with increasing N rate (Fig. 3A, 3C) . However, the eff ects were variable among environments (data not shown) as indicated by the relatively large proportions of variance associated with the interactions (Table 2) . Stand density was signifi cantly (p < 0.05) reduced at eight environments and there were strong trends (p < 0.10) toward a decrease in stand density at fi ve other environments. Increasing the N rate did not signifi cantly (p < 0.05) aff ect stand density at 12 environments. Th is negative eff ect of N on barley stand density was surprising. Previous research across six environments in western Canada indicated that while placing relatively large amounts of N in the barley seed row resulted in considerable seedling mortality, banding the N to the side of and below the seed row (as occurred in the present study) had little or no eff ects on stand density (O'Donovan et al., 2008) . However, with canola, another commonly grown crop in western Canada, seedling damage occurred with increasing rates of both urea and urea ammonium nitrate applied as a side-band (Grant et al., 2010) . Seedling injury is caused by hydrolysis of urea to ammonia by soil urease which can lead to excess ammonia and seedling damage (Bremner and Krogmeier, 1989) . In the present study, the reason for the variable response of barley stand density to N rate is unclear but may be due to variable organic matter and/or soil moisture levels at the diff erent environments during or aft er seeding or the ability to consistently maintain adequate separation between seed and fertilizer. Th e eff ect occurred at Fort Vermilion during the 3 yr of the study and did not occur at Scott during any year (data not shown). Otherwise, there was no indication that the eff ect was associated with any particular year or location. While the direct impact of reduced stand density on barley yield was minimal, other factors such as days to seed maturity and weed management may be adversely aff ected when barley stand densities are compromised (O'Donovan et al., 2008) . Th ese factors have the potential to negatively impact malting barley quality.
Th e eff ects of N rate on lodging were more pronounced at the higher seeding rate when N rates were above 60 kg ha −1 (Fig. 3C) . Nitrogen rate signifi cantly (p < 0.05) aff ected lodging at 10 of the 24 environments. In a previous study, relatively high N rates were also shown to increase lodging in barley (Spaner et al., 2001) . Lodging can adversely aff ect barley yield and quality (Jedel and Helm, 1991) ) and increase mycotoxin contamination (Nakajima et al., 2008) .
Th e number of days to seed maturity increased with increasing N rate at all environments especially at rates above 60 kg ha −1 (Fig. 3B) . As indicated previously, this can indirectly impact malting barley yield and quality. Early crop maturity is crucial for eff ective crop production in northern latitudes and delayed maturity can increase the risk of major crop losses due to early frosts (O'Donovan et al., 2008) .
Kernel plumpness and seed uniformity decreased with increasing N rate, as indicated by increases in standard deviations for kernel weight and diameter (Fig. 2B, 2D ) while protein concentration increased (Fig. 1D) indicating a direct impact of N rate on malting barley quality. Previous studies have also shown that N fertilizer rate was a major factor aff ecting malting barley yield and quality and could result in decreased kernel plumpness and increased protein concentration (Lauer and Partridge, 1990; McKenzie et al., 2005; Th errien et al., 1994) .
In our study, the increase in protein concentration in response to N rate was less pronounced with CDC Copeland than with AC Metcalfe (Fig. 1D) . For example at the highest N rate (120 kg ha −1 ), AC Metcalfe exceeded the protein concentration threshold of 125 g kg −1 whereas the protein concentration for CDC Copeland was below this threshold. Th is suggests that there may be less risk of unacceptably high protein levels with CDC Copeland when relatively high N rates are applied to achieve high grain yields. Th erefore, fertilizer recommendations may need to be cultivar specifi c. In Australia, manipulating genes that infl uence protein concentration has resulted in the development of high yielding cultivars that can tolerate high N applications while maintaining protein levels within acceptable limits (Emebiri et al., 2007) .
In western Canada at present, prediction of optimum rates of N fertilizer for malting barley production and quality can be diffi cult due to uncertainty in estimating available soil N and the N demand of the crop (McKenzie et al., 2005) . Th is is because of the diffi culty associated with trying to balance maximum yields with relatively low levels of protein. Limiting N application at sowing with additional applications at the end of tillering based on the requirements of the crop has been suggested as a way of addressing this dilemma (Baethgen et al., 1995) . However, this approach may be more feasible in regions with longer growing seasons and more consistent precipitation than the Canadian prairies. 
CONCLUSIONS
Th e results of our study have the potential to increase the level of acceptance of barley for malting in western Canada, and thus improve economic returns for barley growers. Th ree signifi cant recommendations resulted from the study. First, it was shown that malting barley varieties can diff er in their response to N fertilization. Th e increase in protein concentration in response to N rate was less pronounced with CDC Copeland than with AC Metcalfe. Since excessive protein concentration is a major factor in the rejection of barley for malting, growers should seed cultivars that maintain high yields and relatively low protein in response to N application. Future studies should focus on screening new malting barley cultivars for their response to N. Second, growers should be encouraged to seed close to the higher rate (400 seeds m −2 ) since this resulted in lower protein and greater seed uniformity than seeding at 200 seeds m −2 . Th ird, N application, while resulting in increased yield, had mainly negative eff ects on all other factors. Th is included reduced plant density, greater lodging, longer time to maturity, reduced plumpness, lower seed uniformity, and higher protein. Th us N application should be limited (possibly to 60-70% of the soil test recommendation) to mitigate negative eff ects on these factors. While this may result in reduced yield compared to applying N at higher rates, economic returns would likely still be higher if the barley is accepted for malting due to the increased premium for malting compared to feed barley. 
